Abstract: Measurement of lateral mobility of membraneembedded proteins in living cells with high spatial and temporal precision is a challenging task of optofluidics. Biological membranes are complex structures, whose physico-chemical properties depend on the local lipid composition, cholesterol content and the presence of integral or peripheral membrane proteins, which may be involved in supramolecular complexes or are linked to cellular matrix proteins or the cytoskeleton. The high proteinto-lipid ratios in biomembranes indicate that membrane proteins are particularly subject to molecular crowding, making it difficult to follow the track of individual molecules carrying a fluorescence label. Novel switchable fluorescence proteins such as Dreiklang [1] , are, in principle, promising tools to study the diffusion behavior of individual molecules in situations of molecular crowding due to excellent spectral control of the ON-and OFF-switching process. In this work, we expressed an integral membrane transport protein, the Na,K-ATPase comprising the human α2-subunit carrying an N-terminal eGFP or Dreiklang tag and human β1-subunit, in HEK293T cells and measured autocorrelation curves by fluorescence correlation spectroscopy (FCS). Furthermore, we measured diffusion times and diffusion constants of eGFP and Dreiklang by FCS, first, in aqueous solution after purification of the proteins upon expression in E. coli, and, second, upon expression as soluble proteins in the cytoplasm of HEK293T cells. Our data show that the diffusion behavior of the purified eGFP and Dreiklang in solution as well as the properties of the proteins expressed in the cytoplasm are very similar. However, the autocorrelation curves of eGFP-and Dreiklanglabeled Na,K-ATPase measured in the plasma membrane exhibit marked differences, with the Dreiklang-labeled construct showing shorter diffusion times. This may be related to an additional, as yet unrecognized quenching process that occurs on the same time scale as the diffusion of the labeled complexes through the detection volume (1-100 ms). Since the origin of this quenching process is currently unclear, care has to be taken when the Dreiklang label is intended to be used in FCS applications.
Introduction
In the last two decades following the discovery of the green fluorescent protein (GFP) from the jellyfish Aquorea victoria by O. Shimomura [2] , GFP and its spectral variants, including homologs from many other species (corals, sea pens, sea squirts, and sea anemones), have become indispensable tools in modern molecular, cellular and developmental biology, medicine and biophysics. Besides their use as genetically-encoded optical markers, molecular engineering approaches have created a large variety of chemical sensors along with spectroscopic probes e.g. for protein tracking, or for the investigation of proteinprotein interactions as well as conformational changes by fluorescence resonance energy transfer (FRET). Furthermore, the design of optically switchable FPs has proven particularly useful for improving imaging contrast or for the application of optical super-resolution techniques on the single molecule level such as STED (stimulated emission depletion [3] [4] [5] , STORM (stochastic optical reconstruction microscopy [6] ) or PALM (photoactivated localization microscopy [7] ). The structural features of GFPrelated fluorescent proteins (FPs) are very similar, with a barrel-like structure formed from 11 β-sheets and a single α-helix (interspersed between β-sheets 3 and 9) running through the barrel center. The central α-helix of GFP comprises the so-called chromophore triad formed by amino acids Ser 65 (Thr 65 )-Tyr 66 -Gly 67 , which undergoes an intramolecular cyclization reaction that proceeds autocatalytically under the influence of molecular oxygen, thereby forming the chromophore unit with its 4-(phydroxybenzylidene)imidazolid-5-one structure [8] . Due to the extremely stable folding of the β-barrel, GFP-related FPs can be assembled from fragments comprising about half of the protein sequence, which is followed by normal chromophore maturation, thus enabling protein-protein interaction assays based on fluorescence complementation [9] . Likewise, it has been shown that fluorescence can be obtained by assembly of a "superfolder" fragment [10] consisting of β-sheets 1 to 10 and a single peptide forming β-sheet 11, both with genetically optimized sequence. This technique enables controlled single-molecule fluorescence complementation for optical super-resolution detection [11] . In addition, it has been shown that fluorescent proteins can also be obtained by artificially joining the native N-and C-termini and creating new N-and Ctermini by interrupting the sequence at around amino acids 145, 155, 171, 195, 214 [12] , thus creating the so-called cyclically-permuted FPs. By insertion of proteins that undergo conformational changes upon specific binding of molecular effectors into cyclically permuted FPs, a variety of chemosensors has been developed, in which the binding-induced conformational changes alter the fluorescence properties of the FP chromophore [13, 14] . Subdiffraction imaging has greatly benefited from the availability of optically switchable fluorophores. However, the potential of photoswitchable molecules is limited if photoactivation or deactivation can be performed only once, which impedes repeated measurements with the same molecule. In this context, also photostability of the optical switch is a major concern. Moreover, especially the earlier FP-derived photoswitches suffered from significant spectral overlap for the ON-or OFF-switching and excitation wavelength ranges. The first FP derivative to overcome these limitations was the photoswitchable FP termed "Dreiklang" (DRK), in which -for the first timethe ranges for ON-and OFF-switching, as well as excitation, were well separated. The unique molecular switching mechanism of DRK relies on a reversible, light-induced water addition/elimination reaction at the chromophore [1] . In contrast to the parental Citrine, from which DRK was derived, nearly 100% photoswitching efficiency could be obtained and also the photostability was greatly improved compared to other FP photoswitches described before.
Thus, DRK should perform superior especially in the situation of molecular crowding, which is a common phenomenon in transient expression of fluorescent molecules in mammalian cells. In this situation, the problem arises that the expression level is either too low or that the cell is flooded by fluorescent molecules, thereby precluding accurate detection of single molecules. The use of DRK with its extremely good photoswitching efficiency and photostability allows for controlled ON-switching of sufficiently dilute sub-populations of fluorophores and nearly unlimited cycles of fast stochastic reconstruction of molecule locations to reveal a faithful and complete representation of their distribution.
Fluorescence correlation spectroscopy (FCS) is an experimental technique to measure thermodynamic fluctuations on a molecular level as a function of time or frequency, so that e.g. diffusion constants or, more importantly, the rates for forward and backward chemical reactions can be determined under conditions of chemical equilibrium. FCS was first introduced in 1972 by Magde, Webb and Elson [15] to study the kinetics of a fluorescent molecule binding to DNA. This method, as was common in the 1970ies, laid strong focus on its use as a relaxation technique that allowed for the determination of rates of individual (partial) reaction steps of a physico-chemical process. It soon emerged that FCS equally well allows for the determination of: concentration (below the nanomolar range), translational and rotational diffusion times in two or three dimensions, singlet-triplet state conversion and conformational fluctuations [16] [17] [18] [19] [20] [21] [22] [23] [24] , even within a cellular environment or in fluidic systems [25] . Moreover, the antibunching of single photon emitters has been proven by cross-correlation FCS with (sub)-nanosecond resolution [26, 27] .
Typically, FCS studies in solution measure the intensity fluctuations of light emitted by fluorescent molecules diffusing through a (sub)femtoliter observation volume element (OVE) generated in the sample using a confocal microscope. Upon diffusion of a fluorophore into the OVE, the molecule is excited and emits fluorescence light until it exits the volume again. Therefore, photons arriving at the detector do not occur stochastically but in bursts, whose durations depend on the diffusion speed. If the fluorescent molecule undergoes in addition a fast chemical or photophysical reaction that results in an intensity change or a spectral shift, the evolution of the burst in time will change, revealing the kinetics of the underlying process. During an FCS experiment, data from multiple bursts are collected and the observed fluorescence fluctuations are evaluated statistically, either by photon counting histograms or by the calculation of correlation functions (see Methods section).
Living systems rely on the integrity of biological membranes, which enclose cells and are crucial to many cellular processes such as membrane transport, sensing and signal transduction as well as energy transduction and catalysis. Within the fluid mosaic model originally devised by Singer and Nicolson in 1972 [28] , biomembranes are considered as two dimensional liquids, in which lipid molecules and membrane-embedded proteins diffuse freely. However, the degrees of freedom of diffusional motion of membrane proteins are frequently confined by assembly into large supramolecular complexes, targeting to specific membrane subdomains as well as anchoring to the cellular cytoskeleton or cellular matrix proteins. Oligomerization itself may be a process initialized e.g. by ligand binding, as in the case of membrane receptors in many signaling cascades. Furthermore, membrane proteins are subject to molecular crowding, since the area fraction occupied by membrane proteins can range from 15-35% with lipid-to-protein ratios (on w/w basis) around 1 [29, 30] , which implies that the shell of lipids surrounding a typical membrane protein is only a few layers thick so that the notion of free diffusion has to be considered cum grano salis. Several theoretical models have been developed to describe protein diffusion in membranes, from which the most prominent was introduced by Saffman and Delbrück in 1975 [31] , who proposed that the diffusion constant follows a logarithmic dependence on the particle radius. However, other authors found a stronger dependence on particle radius according to Stokes-Einstein law for diffusion [32] , and the matter is still subject to controversial discussion.
The Na,K-ATPase is one of the most important membrane transporter proteins in animal cells since its active transport mode of exporting 3 Na + ions in exchange for the import of 2 K + ions per hydrolyzed ATP molecule is the main mechanism to energize animal cell membranes. This is particularly important in electrically active tissues like (cardiac) muscle or in cells of the CNS, in which the contribution of the Na,K-ATPase to total energy consumption can reach values of up to 50%. The minimal functional unit of the Na,K-ATPase is composed of a large, catalytic α-subunit (10 transmembrane domains, about 1020 amino acids,~100 kDa) and a smaller β-subunit (1 transmembrane domain, about 300 amino acids,~30 kDa, but due to heavy glycosylation the molecular weight is about 50 kDa). In some tissues, an additional -subunit (1 transmembrane span with about 66 amino acids) is present. A still unresolved controversy exists, whether higher oligomeric assemblies (such as αβ-βα) are formed within a physiological context [33] . In humans, four isoforms of the α-and three for the β-subunit exist, from which α1 is ubiquitously expressed, whereas α2 is present e.g. in cardiac tissue or in glial cells, α3 is typical for neurons, and α4 is only found in male sperm. In recent years, several human inherited diseases have been linked to Na,K-ATPase α-isoforms. Mutations in the α2 gene ATP1A2 result in familial hemiplegic migraine type 2 (FHM2) [34] [35] [36] [37] , whereas mutations in the α3 gene ATP1A3 have been linked to rapid dystonia parkinsonism (RDP) [38, 39] , alternating hemiplegia of childhood (AHC) [40] , and CAPOS syndrome [41] . It is well established that the Na,K-ATPase can form higher heteromeric protein complexes with other membrane proteins such as the Na + /Ca 2+ exchanger (NCX) or the inositol-1,4,5-trisphosphate receptor IP 3 R [42] , and with scaffolding proteins like ankyrins, tubulin or caveolin. Of note, ankyrin-B mutations were implicated in the cardiac long-QT syndrome LQT4, presumably by causing misrouting of Na,K-ATPase and NCX1 in heart muscle cells [43] . Thus, it can be expected that also FHM2, RDP and AHC mutations may not only affect protein function, but have also an impact on targeting of the enzyme to specific membrane microdomains or anchoring to the cytoskeleton or cellular matrix proteins, which would largely influence the dynamic behavior of the protein. Since these effects are currently out of the scope of conventional functional studies of Na,K-ATPase mutations, assays need to be developed that allow for the monitoring of the dynamic properties of individual Na,K-ATPase molecules in the membranes of living cells. These methods should be able to discriminate between the fraction of mobile and immobile Na,K-ATPase molecules, which can best be performed by fluorescence recovery after photobleaching (FRAP), or to determine molecular diffusion constants by FCS. Both techniques rely on labeling with appropriate fluorescence tags that need to match photophysical constraints depending on the used application. Since the photoswitchable FP Dreiklang is a promising tool for both experimental schemes, this study aims at a comparison of DRK with the conventional, non-switchable eGFP in FCS applications on membrane proteins.
Materials and Methods

cDNA constructs
The Dreiklang (DRK) cDNA sequence was constructed according to the published amino acid sequence [1] by PCR mutagenesis using the QuikChange site directed mutagenesis kit (Stratagene) starting with the eGFP cDNA from the pEGFP-N1 vector (Life Technologies), which had been subcloned into the pcDNA3.1X vector (modified from pcDNA3.1, Clontech). Dreiklang (DRK) had originally been derived from the improved yellow fluorescent protein Citrine (also a derivative of eGFP) and comprises the following nine mutations compared to the parental eGFP sequence: V61L, L64I, T65G, V68L, Q69M, S72A, Y145H, N146D and T203Y [1] . For expression in E. coli, the cDNA of eGFP was excised from pEGFP-N1 by BamHI and NotI and ligated in-frame into a modified pQE81L-Amp vector (Qiagen) carrying an additionally engineered NotI restriction site. The cDNA of DRK was excised from pcDNA3.1X by BamHI and XhoI and ligated in-frame into the pQE81L-Kan vector (Qiagen) carrying a kanamycin resistance gene, which was cut with BamHI and SalI (the latter producing compatible cohesive ends to XhoI). This resulted in protein sequences with an N-terminal 6xHis tag preceding the first methionine (eGFP: N-terminal sequence MRGSH-HHHHHTDPPAT; DRK: MRGSHHHHHHTGSAT). eGFP-or DRK-labelled human Na,K-ATPase α2-subunits were constructed by fusing the eGFP or DRK cDNA sequence inframe to the 5' end (N-terminus) of the Na,K-ATPase cDNA within the pcDNA3.1X vector using recombinant PCR. All mutations and cDNA constructs were verified by sequencing (Eurofins MWG Operon, Ebersberg, Germany).
Protein expression in E. coli and purification
400 mL LB-medium with appropriate antibiotic (50 µg/mL kanamycin or 50 µg/mL ampicillin) were inoculated from a starter culture of NEB turbo cells to 0.1 optical density (OD) and grown at 37 ∘ C in an orbital shaker (200 rpm) to an OD of 0.6. After induction with 1 mM IPTG, cells were grown for 48 h at 22 ∘ C. Cells were harvested by centrifugation yielding brightly green-colored pellets. Cell pellets were resuspended in phosphate buffer and lysed by two passages through a French press (18000 psi). After removal of the cell debris by centrifugation (24000 g, 4 ∘ C), the clari- 
Cell Culture and Transfection
Human embryonic kidney (HEK293T) cells were used for all transient transfection experiments to express eGFP, DRK and eGFP/DRK-labelled Na,K-ATPase α2 subunits. HEK293T cells were cultured at 37 ∘ C with 5% CO 2 in Dulbecco's minimal essential medium (DMEM, Gibco) with phenol red dye supplemented with 5% fetal bovine serum and 1% penicillin/streptomycin. For FCS measurements, 300 µl of cells per well were seeded in eight-well Nunc TM Lab-Tek TM Chambered Coverglass with 1.0 borosilicate bottom (Thermo Scientific). 24 h after seeding, transient transfection was performed by diluting 400 ng of the plasmid DNA per transfection (= well) in 30 µl serum-free OPTI-MEM medium (Gibco). After adding 2.6 µ l of Lipofectamine (Invitrogen) reagent to the dilution, the mixture was incubated for 30 min at room temperature. In the meantime, the seeded cells were washed with 300 µl of serum-free OPTI-MEM and subsequently left without any medium in the well. In each tube containing the lipid-DNA complexes, 120 µl of serum-free OPTI-MEM was added. After gentle mixing, the diluted complex solution was added to the washed cells. Subsequently, the cells were incubated for 2 h before adding 150 µl DMEM Fluoro Brite (Gibco) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. 18 h to 24 h after start of transfection, the complete medium was replaced by DMEM Fluoro Brite with 5% fetal bovine serum and 1% penicillin/streptomycin. Measurements were performed 36 h to 48 h after transfection.
Confocal Fluorescence Microscopy and FCS
Confocal imaging and FCS measurements were performed using a 510 META Laser Scanning Microscope with a ConforCor 3 system (Carl Zeiss, Jena, Germany) as described previously [44, 45] . For imaging and FCS, the ArKr laser intensity was set to 50% of the 30 mW maximum, and further attenuated by an Acousto Optic Tunable Filter (AOTF) to an indicated value. The 40x (1.2W) water-immersion objective (C-Apochromat, Carl Zeiss) was used throughout. Dreiklang-labeled samples were excited using the 514 nm line. The excitation light was separated from the emission by a HFT 485/514 main dichroic beam splitter (Carl Zeiss), and the resulting emission passed a 530 nm long pass filter before detection by an avalanche photodiode. For imaging, the laser attenuation was set to 10%, yielding 40 µW at the objective lens. For eGFP-labeled cells the 488 nm laser line was used and attenuated by AOTF to 2% of maximum intensity, yielding 12 µW at the objective. The main dichroic beam splitter HFTKP 700/488 was used to separate the incident and emitted light, and a 505 nm long pass filter was used to collect the fluorescence signal. Fluctuations of fluorescence intensity are typically analyzed using temporal autocorrelation analysis, in which the (normalized) autocorrelation function G(τ) is derived, which measures the self-similarity between the fluorescence signal F(t)at time t and at a later time F(t + τ) separated by a time interval τ, and yields information about the time scales of processes influencing the fluorescence amplitude [46] .
The δF(t), δF(t + τ) values are the deviations of the actual fluorescence intensity at the given times from the timeaveraged fluorescence ⟨︀ F(t) ⟩︀ . Thereafter, the experimentally obtained autocorrelation curve has to be compared to a theoretically predicted autocorrelation function to identify an appropriate time series model. For molecules diffusing freely in three dimensions the corresponding autocorrelation function is:
where τ D is the so-called diffusion time, i.e. the time it takes for a molecule to pass through the OVE:
The OVE is usually approximated by a prolate spheroid, whose volume is V e = π radius of the Gaussian intensity profile that has to be accurately determined by calibration measurements. The ratio s = z0 r0 is defined as the "structure parameter", and only experiments in which values between 5 and 9 were achieved, were considered suitable for analysis in this work.
In the case of two-dimensional diffusion (like in a planar membrane), the square root term in Eq. 2 is not present, since the exit pathway out of the plane is no longer available to the molecule, which yields:
In all cases, the intercept of G(τ) at τ = 0 is equivalent to the reciprocal of the mean number of molecules N in the OVE:
Thus, the concentration c can be determined from N = c · V e , if the confocal volume is accurately known. The diffusion coefficient D can be derived from the Stokes-Einstein equation:
Here, R 0 is the hydrodynamic radius of the diffusing particles and η the dynamic viscosity of the solvent.
In the case of intramolecular dynamic processes, which e.g. result in reversible transition of excited molecules to non-fluorescent dark states, the autocorrelation function is multiplied by an additional term:
Here, the parameterF denotes the fraction of molecules in the non-fluorescent dark state and k R is the characteristic rate (and τ R = 1 k R the characteristic time constant) for the fluctuations between the fluorescent and the dark state. This leads to modified autocorrelation functions for threeand two-dimensional diffusion:
which typically results in a shoulder of the autocorrelation curves at short correlation times τ. Modern FCS analysis software packages developed by microscope manufacturing companies allow to fit autocorrelation curves according to the free diffusion model including triplet transitions and up to M diffusion components i with amplitude contribution y i : 
)︃ (9b) which apply for three-or two-dimensional diffusion, respectively. Data obtained in this work have been analysed using the integrated software ConfoCor 3 (Carl Zeiss).
FCS measurements in live cells
For FCS measurements in live HEK293T cells, the laser intensity was set to 0.7% to avoid destruction of the sensitive biological material. FCS data were collected through a 70 µm pinhole (PH70) in front of the avalanche photodiode. Only in some characteristic experiments the pinhole size was varied (between 70 µm and 280 µm, e.g. 80 µm denoted by PH80) in order to ascertain whether the characteristic decay time of the correlation function is changing or not, and to establish if the fluctuations in fluorescence intensity are generated by molecular diffusion or a kinetic process. Furthermore, the intensity of the laser was changed for some measurements between 0.5% and 4%. Laser intensity at a given wavelength (I λ in µW) measured at the objective lens scaled linearly with the attenuation (atn = 0-100), I 488 = 5.76 · atn and I 514 = 3.96 · atn. All experiments were carried out at 22
FCS experiments of eGFP-or Dreiklang-labelled Na,KATPase molecules in the cell membrane were performed at the apical (upper) membrane position. To identify the position of the upper cell membrane, the peak of the fluorescence intensity ( Figure 1B ) was identified by performing a single-point scan in the z-direction with 0.5 µm increments over a distance of 30 µm. Figure 1A shows an exemplary experiment for the z-scan over the cell. The resulting cell profile in z direction is shown in Figure 1B . It is assumed that the plasma membrane is localized at the position with the highest count rate, since Na,K-ATPase is a prototypical plasma membrane protein. Inside the cell cytoplasm, the count rate is a little bit higher than outside the cells, reflecting the presence of Na,K-ATPase molecules that undergo post-translational processing in the endoplasmic reticulum (ER) followed by transport through the Golgi and trans-Golgi network and targeting to the membrane by transport vesicles.
For each investigated cell, the autocorrelation curves were generated by recording ten or twenty 10 s-long data series. Only curves from selected cells, exhibiting a stable count rate were taken. For analysis of the FCS measurements, all autocorrelation curves were normalized to the same amplitude (G(τ ref ) = 1 at τ ref = 10 µs) and plotted. The normalized autocorrelation curves were then averaged, leaving out autocorrelation curves that largely deviated from the majority of the data. In most of the measurements, the first three curves could not be used for calculating the average due to bleaching of immobile molecules DRK-Na,K-ATPase in PM τ 1 = (318 ± 212) µs ((50 ± 7)%) τ 2 = (44 ± 14) ms ((50 ± 7)%)
eGFP-Na,K-ATPase in PM τ 1 = (974 ± 331) µs ((31 ± 4)%) τ 2 = (67 ± 17) ms ((69 ± 4)%)
Figure 2: (A) Normalized autocorrelation curves of Rhodamine 6G in water (black curve), of the purified Dreiklang (DRK) protein in PBS (pink curve) and of the DRK protein expressed in the cytoplasm of HEK293T cells (red curve). For both DRK measurements, the curves were generated from the average of ten data acquisitions of 20 s duration at 0.7% laser intensity. For the averaged curve of the cytoplasmically expressed DRK protein, measurements on 27 different cells were taken into account. (B) Normalized autocorrelation curves of Rhodamine 6G in water (black curve), of the purified eGFP protein in PBS (orange curve) and of eGFP expressed in the cytoplasm (green curve). For both eGFP measurements, the curves were generated from the average of ten data acquisitions of 20 s duration at 0.5% laser intensity. For the averaged curve of the cytoplasmically expressed eGFP protein, measurements on 17 different cells were taken into account.
in the membrane. Most of these deviating curves relate to bleaching processes or just showed no correlation. The normalization for all measured autocorrelation curves G(τ) was calculated according to the following formula: For calibration of the FCS instrument, standard solutions of Rhodamine 6G, a dye with a high quantum yield and a known diffusion coefficient, was used (see results section).
G(τ ref
)
Results
Calibration of the FCS setup was performed with Rhodamine 6G (R6G) dissolved in water. As can be seen from Figure 2 , the diffusion time for R6G in water is (27 ± 3) µs for eGFP settings and (29 ± 2) µs in DRK settings with PH 70 and (33 ± 3) µs in DRK settings with PH80, as expected from the properties of this molecule and the solvent. The beam waist r 0 of the 488 nm laser line was calculated to be 0.17 µm and that of the 514 nm laser line was calculated to be 0.18 µm (PH70) and 0.19 µm (PH80) based on the known diffusion coefficient of R6G in aque- We note here that the published values for the diffusion coefficient of R6G in water differ considerably depending on the method used for its determination (see [48] and references therein for an overview about published values). Whereas the value stated here is typically inferred from early FCS studies [47, 49] , recent publications list a value of 4.14 · 10 −10 m 2 · s −1 from dual-focus FCS (see references in [50] ), and a more recent work using pulsed field gradient NMR spectroscopy found 4.0 · 10 −10 m 2 · s −1 [48] .
For the purified DRK in PBS a diffusion time of (106 ± 22) µs was found ( Figure 2A and Table 1 ). To establish what is the dominant process that gives rise to the measured fluorescence intensity fluctuations, the volume of the OVE was changed by changing the pinhole size to values above the desired 70-80 µm diameter and FCS measurements on R6G and DRK in PBS buffer were performed. Thereby, it was confirmed that the characteristic decay time of the autocorrelation curve scales with the pinhole area (see Eq. 3: τ D ∝ r 2 0 ), which is expected for a diffusion process (data not shown). As previously described [45] , this control is important in order to distinguish whether fluctuations in fluorescence intensity arise by molecular diffusion or by a kinetic process, and that the measured diffusion coefficients are not biased due to contributions from other effects, e.g. the well-known internal, pH-independent and the external, pH-dependent protonation processes, which exhibit correlation times of 50 to 200 µs [19, 51] .
The diffusion coefficient for DRK in PBS was calculated from Equation 3 by using the beam waist r 0 and the diffusion time τ D obtained from the autocorrelation curve, yielding a value of (8.5 ± 1.8) · 10 −11 m 2 · s −1 . In a different set of experiments the diffusion time of purified eGFP in PBS buffer was determined ( Figure 2B ), which yielded a diffusion time of (95 ± 2) µs (Fig. 2B ) and a diffusion coefficient of (7.6 ± 0.2) · 10 −11 m 2 · s −1 .
As shown in Figure 2A /B, diffusion times were also measured upon expression of DRK and eGFP in the cytoplasm of HEK293T cells. Figure 2A /B shows that the diffusion time of the investigated FPs in the cytoplasm is longer than the diffusion time of purified proteins in PBS. Compared to the diffusion time of (106 ± 22) µs for the purified DRK protein in PBS, its diffusion time in the cytoplasm of (479 ± 222) µs is about 4.5-fold longer, yielding a diffusion constant of (1.9 ± 0.9) · 10 −11 m 2 · s −1 . This is about 4.5-fold smaller than in the PBS buffer, which reflects the higher viscosity of the cytoplasm and other diffusion barriers present inside the cell. Also, the diffusion time of the cytoplasmically expressed eGFP is by about the same factor longer than the one for the purified protein in PBS, with a diffusion time of (376 ± 69) µs, which yields a diffusion constant of (1.9 ± 0.3) · 10 −11 m 2 · s −1 . Figure 3 shows the autocorrelation curve of DRKlabeled Na,K-ATPase in the plasma membrane of HEK293T cells (Fig. 3, black) as compared to the diffusion of DRK protein in the cytoplasm. Compared to the cytoplasmic DRK protein, the DRK-labeled Na,K-ATPase exhibited much slower diffusion -the DRK-Na,K-ATPase fusion protein has a much larger molecular weight (about 184 kDa) than the isolated DRK protein (27 kDa) and the dynamic viscosity of lipid membranes is high compared to the aqueous media. From Figure 3 , it is clearly evident that the autocorrelation curve of DRK-labeled Na,K-ATPase in the plasma membrane exhibits more than one characteristic decay time. The simplest autocorrelation function that could be used for fitting this autocorrelation curve was the autocorrelation function derived for a two-component model for two-dimensional diffusion and singlet-triplet transition (Equation 9b). The characteristic decay time values obtained by fitting using this function are listed below (see Figure 5 and Table 1 ).
In order to ensure that the autocorrelation curves are not biased by quenching or photobleaching effects, and to avoid destruction of the sensitive biological material as much as possible, the effect of laser intensity was also evaluated (Fig. 4) . Figure 4 shows the normalized autocorrelation curves of eGFP-or DRK-labeled Na,K-ATPase at different laser intensities. It can clearly be seen that the DRK-labeled construct is much more artificially quenched at high laser intensities than the construct carrying the eGFP label. However, these results confirmed that the laser intensity of 0.7%, used consistently in all measurements on transfected HEK293T cells, does not cause excessive bleaching or photodestruction.
Next, we compared the diffusion behavior DRK-and eGFP-labeled Na,K-ATPase constructs in the plasma membrane of HEK293T cells. Figure 5 clearly shows that different autocorrelation curves are obtained for the two labeling situations. The DRK-labeled Na,K-ATPase shows two correlation time components of (318 ± 212) µs (amplitude fraction: (50 ± 7)%) and (44 ± 14) ms (amplitude fraction: (50 ± 7)%), which can be related to diffusion processes. Of note, the short time component of the DRK-labeled Na,KATPase is not significantly larger than the one measured for isolated DRK expressed in the cytoplasm. The eGFPlabeled Na,K-ATPase also exhibits two diffusion times, with the shorter one being (974 ± 331) µs (amplitude fraction: (31 ± 4)%), which is significantly larger than the one measured for eGFP in the cytoplasm, and a longer component of (67 ± 17) ms (amplitude fraction: (69 ± 4)%). It was confirmed by two-sample Student's t-test that the corresponding diffusion time components of eGFP-and DRKlabeled Na,K-ATPase were significantly different (P < 0.05). From these correlation times, diffusion coefficients were determined according to Equation 3 , as listed in Table 1 .
Discussion
In this work, we compared the properties of eGFP and the related photoswitchable FP Dreiklang by FCS measurements in different experimental situations with increasing complexity. When measured on the level of the isolated and purified FPs in PBS buffer, the autocorrelation curves and diffusion times of DRK and eGFP derived thereof were very similar ( Table 1 ). The resulting diffusion coefficients (Table 1) , at least for eGFP, agree well with data published for GFP in aqueous solution (8.7 · 10 −11 m 2 · s −1 [52] ; (9.32 ± 0.22) · 10 −11 m 2 · s −1 [53] ). According to Equation 6, and with 0.95 · 10 −3 Pa · s as the dynamic viscosity of water at 22 ∘ C, these diffusion coefficients would yield values for the hydrodynamic radius of 3.0 nm (eGFP) or 2.7 nm (DRK), which agree with published results for GFP ((2.3 ± 0.05) nm [53] ) and are reasonable given the range of the dimensions of the eGFP barrel from crystal structures (barrel diameter~3 nm, barrel length~5 nm, PDB structure 1GFL). When expressed in the cytoplasm of HEK293T cells, DRK as well as eGFP yielded two correlation times, from which the shorter one (about 80 µs) is not related to diffusion, and the second was attributed to diffusion (Table 1) . From these numbers, diffusion constants of (1.9 ± 0.9) · 10 Both, eGFP-and DRK-labeled Na,K-ATPase in the plasma membrane exhibited much slower diffusion, which is due to the larger molecular weight (about 184 kDa) compared to the isolated FPs (27 kDa), and, more importantly, because of the larger dynamic viscosity of lipid membranes compared to aqueous media. In both cases, the autocorrelation functions exhibited two diffusion components (Table 1) . Whereas the relative contribution of fast and slowly diffusing fractions was about 50/50 in case of the DRK label, values of 31/69 were found for the eGFP label.
What do these different diffusion times and the differences between the eGFP-and DRK-labeled Na,K-ATPase tell us? Formally, the autocorrelation curves indicate the presence of at least two independent fractions with largely different mobility. However, rationalization of the two temporal components is complicated. The fast diffusion time of the DRK-labeled Na,K-ATPase in the plasma membrane is not significantly larger than the diffusion time of the isolated DRK protein in the cytoplasm, which is astonishing even in the light of the fact that the diffusion coefficient (or diffusion time) is only weakly dependent on the molecular weight. From a rough approximation, which treats the diffusing molecules as spheres with hydrodynamic radii proportional to the cubic root of the molecular weight (eGFP: 26.9 kDa, eGFP-labeled Na,K-ATPase α-and glycosylated β-subunit: 183.5 kDa) the diffusion coefficient should increase by a factor of 3 √︁ 183.5 26.9 ≈ 1.9 for the change from isolated eGFP/DRK proteins to eGFP-/DRK-labeled Na,KATPase. Of course, this rough estimation neglects that the actual shape of the molecules is different from a sphere, and it also disregards that the dynamic viscosity of membranes might be larger than that of the cytoplasm. The fast diffusion time of the eGFP-labeled Na,K-ATPase in the plasma membrane is about 3-fold larger than the diffusion time of eGFP in the cytoplasm, which agrees reasonably well within error limits considering the rough calculation above. However, diffusion of membrane-intrinsic proteins might encounter boundary conditions that restrict the effective area, through which diffusion is possible (e.g. fixed macromolecules at high density or 'excluded' membrane areas, which -due to different lipid content -might be in a liquid crystalline phase). Under such conditions, the effective area available for particle diffusion might be smaller than the detection volume, which in effect can lead to the observation of artificially short correlation times. In any case, the differences between the short diffusion times of the DRK-and eGFP-labeled Na,K-ATPase cannot be due to differences in molecular weight or differential friction caused by the fluorescence tags, since the hydrodynamic properties of eGFP and DRK should be very similar. Also, different oligomerization or aggregation behavior of DRKcompared to eGFP-labeled Na,K-ATPase is rather unlikely. Although eGFP and DRK have not been modified to explicitly yield monomeric FPs (e.g. by the most common A206K mutation [55] ), it was reported that eGFP and DRK migrate as monomers on semi-native SDS gels [1] . However, even the artificial creation of dimeric or even tetrameric Na,K-ATPase complexes based on FP-mediated assembly would only increase diffusion time by 26% or 58%, respectively, nor would one expect to find an increased fraction of slowly diffusing Na,K-ATPase complexes in the situation with eGFP label.
From the above correlation times, the calculated diffusion coefficients for DRK-and eGFP-labeled Na,K-ATPase in the plasma membrane are compiled in Table 1 . The diffusion coefficient from the short diffusion time of eGFPlabeled Na,K-ATPase is about 10-fold smaller than that of the isolated eGFP in solution and those from the long diffusion times are about 300-fold (DRK label) or 730-fold (eGFP label) smaller than the ones measured in PBS. [31] , membrane proteins are considered as cylindrical inclusions of radius R 0 that diffuse in an infinite two-dimensional bilayer of thickness h and viscosity ηm within a solvent of viscosity ηs. This results in a weak, logarithmic dependence of the diffusion constant D on the particle radius:
Here, besides the aforementioned viscosity and height parameters, ≈ 0, 5772 is the Euler-Mascheroni constant. In a recent systematic study on the diffusion dynamics of membrane proteins with largely varying size (molecular weights between 11.3 kDa (0.7 nm radius) for cytochrome b5 and 345 kDa (3.6 nm radius) for a trimeric ABC transporter, AcrB) reconstituted in black lipid membranes, lateral diffusion coefficients between 8. [57] , in compliance with the Saffman-Delbrück model, which was also confirmed by others [58] . However, other authors found a stronger 1 R0 dependence on the radius following Stokes-Einstein behavior [32] according to:
Here, the parameter λ is introduced as a characteristic length scale for dimensional reasons. Justifications for the Stokes-Einstein-like behavior were given based on e.g. hydrophobic mismatch or changes in bulk hydrodynamics due to height mismatch between the membrane and the embedded protein [59] . However, the question whether Saffman-Delbrück or Stokes-Einstein behavior governs diffusion of membrane proteins cannot be resolved here and is still a matter of debate.
If, due to the uncertainty of the λ parameter in Eq. 12, the Saffman-Delbrück formula is used to predict the diffusion coefficient of membrane-embedded Na,K-ATPase (with the radius of the membrane-embedded part of the protein R 0 = 2.4 · 10 −9 m estimated from PDB structure 2ZXE [60] , the solvent viscosity ηs = 4 · 10 −3 Pa · s given by the dynamic viscosity of the cytoplasm determined here, and a membrane thickness h = 4 · 10 −9 m), diffusion con- are taken into account. All these comparisons show that theoretical free diffusion models as well as measurements on artificial bilayer systems can only rationalize diffusion times in the range of a few milliseconds for membraneembedded ATPases, whereas diffusion times in the range of tens to one hundred milliseconds appear to be characteristic for experimental situations in living cells, in which membrane proteins are engaged in molecular interactions or anchoring processes that severely restrict diffusion. For Na,K-ATPase, several interactions with components of the cytoskeleton like ankyrin-B [63] or other matrix proteins like caveolin-1 [64] are well established, and it will be addressed in future work, whether interference with these interactions changes the dynamic mobility behavior of the enzyme in cellular membranes.
Since previous work has also suggested that the diffusion times of e.g. membrane receptors vary according to the density of molecules in the membrane [45] , it was also checked, whether a correlation of the obtained diffusion times to the average number of molecules in the confocal volume (calculated from the G(0) value) existed. However, we found no systematic correlation even though N values of more than 50 were observed (data not shown). Interestingly, such a density of Na,K-ATPase molecules in the confocal area (~0.125 µm 2 ) would yield a total of about 500 000 molecules in the plasma membrane of a spherical cell of 20 µm diameter, which (given a turnover number of charge transport by Na,K-ATPase of about 100 s −1 at 25 ∘ C [65] ) would result in a whole-cell current of about 10 pA, a typical value for Na,K-ATPase expressed in mammalian cells measured by electrophysiology [66] . Our work also shows that photophysical properties of DRK and eGFP are very different. If photophysical properties of DRK and the parental eGFP were similar, the fluorescence tag should have no influence on the shape of the autocorrelation curves or the diffusion behavior of the fluorescence-tagged proteins in FCS measurements. However, the normalized autocorrelation curves of the DRK-labeled Na,K-ATPase are of lower amplitude compared to the eGFP-labeled enzyme and especially the shorter of the two diffusion times is markedly different. This might indicate that DRK undergoes some, as yet unidentified, photophysical quenching processes. This transition could e.g. be switching to a dark state, for which the true "action spectrum" is not known in detail and clearly necessitates further investigation. This quenching process is apparent on a time scale of hundreds of microseconds to milliseconds and, therefore, has a great influence on the autocorrelation curves of DRK-labeled membrane protein complexes of large molecular mass. It cannot be observed when molecular diffusion is studied in an aqueous medium. Due to the low viscosity of the aqueous medium the diffusion time of purified DRK through the OVE is short. If the diffusion time is shorter/comparable to the characteristic decay time of the photophysical switching process, one only observes DRK molecules that are in the "bright" state, but rarely observes switching between these states while the molecule is traversing the OVE. In contrast, when molecular diffusion is slowed down, as is the case in the plasma membrane, and the diffusion time becomes much longer than the characteristic time of the switching process, the molecule switches between photophysical states many times while passing through the observation volume element. Hence, it can be observed. Further support for the notion of an additional quenching process in DRK as compared to eGFP can be drawn from Figure 4B , since the normalized autocorrelation curves of DRK-labeled Na,K-ATPase profoundly depend on the intensity of the excitation laser. Regarding other evidence for photobleaching in the literature, the initial work by Brakemann and co-workers found a half-life time of 21 s for irradiation of DRK-expressing E. coli colonies at 491 nm with 188 kW · cm −2 intensity [1] . In a recent work that evaluated the usability of DRK for several superresolution microscopy techniques, the authors applied GSDIM (groundstate depletion followed by individual molecule return), a spatially stochastic image reconstruction mode [67] . Using 488 nm laser light at 3 kW · cm −2 intensity to transfer the fluorophores from the singlet ground state (S 0 ) into a longlived dark state via the excited state S 1 , a switching time of 10 s was reported to obtain sufficiently complete darkstate conversion. Since the excitation power in our FCS experiment (40 µW or 12 µW at the objective lens for DRKor eGFP-labeled cells, respectively) is equivalent to about 25 kW · cm −2 , (DRK) or 10 kW · cm −2 (eGFP), it is conceivable that dark-state conversion of DRK is an experimental concern for FCS on the time scale typical for the diffusion of membrane-embedded protein complexes. Thus, the fluorescence properties of the DRK chromophore need to be examined in much more detail, especially regarding the action spectra for on-and off-switching or dark state conversion / bleaching and the intensity dependence of these processes in order to understand the effects of these processes on FCS curves better in future investigations.
